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Plant cellulose synthase catalytic subunits (CESAs) are known to synthesize the 
b-1,4-glucan chains that comprise cellulose microfibrils. These CESA subunits 
associate to form plasma membrane localized Cellulose Synthesis Complexes (CSCs) 
that facilitate microfibril assembly in concert with b-1,4-glucan polymerization. 
Cellulose synthase-like D proteins have also been suggested to be involved in cellulose 
biosynthesis. However, it is not known whether CSLDs form CSCs or produce cellulose 
in microfibrillar form. This has been difficult to evaluate due to interfering CESA 
activity being present in the same cells. Whereas CESA null mutations are lethal in 
vascular plants, some evidence suggests that CESAs are not essential for viability in 
the moss Physcomitrella patens. In order to study whether CSLDs form CSCs and 
produce microfibrillar cellulose, production of a P. patens genetic background in which 
all seven PpCESAs are rendered non-functional was attempted through the use of 
CRISPR/Cas9 mutagenesis. Knocking out the PpCESA4 and PpCESA10 in the 
ppcesa3/8/6/7 knockout (KO) background produced viable sextuple ppcesa KO lines 
and resulted in a new phenotype characterized by abnormal gametophore morphology. 
Subsequent attempts to knockout PpCESA5 in the sextuple KO generated lines with the 
expected ‘no gametophore’ ppcesa5 KO phenotype. Although these lines remain to be 
genotyped, these results suggest that all CESAs can be eliminated in wild type P. patens 
with no consequence to viability. A role for CSLDs in the development of moss tissues 
has been demonstrated previously through global knockdown of the P. patens CSLD 
family by RNA interference. In order to study the roles of specific CSLDs in P. patens 
development, double KO mutants for PpCSLD1/7 were generated. No obvious rhizoid 
growth and cellulose content differences were observed between wild type P. patens 
and ppcsld1/7 mutants, possibly due to gene redundancy and/or background CESA 
interference. These results also confirmed CRISPR/Cas9 as an efficient gene editing 
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Cellulose Synthase (CESA) proteins are well-characterized cellulose synthases 
in plants (McFarlane et al. 2014). Recent studies suggest other enzymes are also capable 
of synthesizing cellulose in plants, particularly in cells that grow by tip growth such as 
root hairs (Bernal et al. 2008; Favery et al. 2001; Galway et al. 2011; Kim et al. 2007; 
Li et al. 2016; Park et al. 2011; Wang et al. 2001) and pollen tubes (Bernal et al. 2008; 
Doblin et al. 2001). Among the nine other families in the CESA superfamily, the 
CESA-like D (CSLD) proteins have the most similar amino acid sequences to the 
CESAs. Physcomitrella patens is a moss containing tip-growing protonemal filaments 
and rhizoids and it has both CESAs and CSLDs. According to the Physcomitrella eFP 
Browser (http://bar.utoronto.ca/efp_physcomitrella/cgi-bin/efpWeb.cgi), some 
Physcomitrella patens CSLDs (PpCSLDs) are highly expressed in protonema and 
rhizoids. Also, a previous study using global knockdown of the entire PpCSLD family 
by RNA interference (RNAi) showed a decrease in protonemal tip growth, indicating 
that PpCSLDs play a role in protonemal growth (Dimos 2010). However, no obvious 
phenotype was observed in ppcsld1, ppcsld2, ppcsld8 single knockout (KO) mutants, 
suggesting functional redundancy. These results suggest that at least some of the eight 
CSLD genes in P. patens are related to tip growth and rhizoid development, but the 
individual roles for each of the PpCSLD family members remain unknown. This project 
generated CSLD double knockout lines by using CRISPR/Cas9 to define the specific 
roles of PpCSLD family members in protonemal growth and rhizoid development. 
CRISPR/Cas9 was also used in an attempt to delete all seven members of the P. patens 
CESA gene family to create a background line for investigating CSLD activity without 
interference from CESA activity. 
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Cellulose and Cellulose Synthases  
As a major component of paper products, cellulose has great economic and 
practical value. Cellulose is the microfibrillar component of plant cell walls and is 
composed of hydrogen-bonded b-1,4-glucan chains. b-1,4-glucan chains are 
synthesized by cellulose synthase enzymes, which are members of the 
glycosyltransferase-2 protein family (GT-2) (Coutinho et al. 2003). 
Cellulose synthases, originally studied in Acetobacter xylinum (Delmer 1999), 
are characterized by an eight transmembrane helix topology and conserved cytosolic 
substrate binding and catalytic domain containing a D, D, D and QXXRW motif 
(McFarlane et al. 2014). Besides these conserved domains found in all cellulose 
synthases, land plant cellulose synthases (called CESAs) have additional domains, 
including an extended N-terminal Zn-binding RING domain, and a plant-conserved 
region (P-CR) and class-specific region (CSR) within the loop between transmembrane 
helix 2 and 3 (Pear et al. 1996). These specific domains in higher plants are 
hypothesized to function in CESA subunits interaction (Somerville 2006). The eight 
transmembrane helices interact to form a pore in the membrane. The catalytic region in 
the cytoplasm binds the substrate UDP-glucose, then the glucan chain is secreted 
through the transmembrane pore to the cell wall (Morgan et al. 2013).  
Cellulose microfibrils are synthesized by membrane-bound complexes called 
Cellulose Synthesis Complexes (CSCs) (Delmer 1999; McFarlane et al. 2014; 
Somerville 2006). The complexes can be visualized by freeze fracture electron 
microscopy (FF-EM) (Mueller and Brown 1980; Kimura et al. 1999; Nixon et al. 2016). 
CSCs contain CESAs based on FF-EM immunolabeling (Kimura et al. 1999), and 18 
CESA subunits make up CSCs (Nixon et al. 2016; Vandavasi et al. 2016; Jarvis 2018; 
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Newman et al. 2013). 
 
CSLDs and Physcomitrella patens  
Recent studies indicate not only CESAs, but also other enzymes in land plants 
might synthesize cellulose. These include proteins encoded by some of the  CESA-like 
(CSL) genes: CSLA-J  (Cutler and Somerville 1997; Richmond 2000; Richmond and 
Somerville 2000, 2001; Hazen et al. 2002). Among the other nine protein families 
encoded by the CESA gene superfamily, CSLDs have higher sequence similarity to 
CESAs than other CSL proteins. All CESAs and CSLs are members of the GT-2 protein 
family containing catalytic residues D, D, D, and QXXRW (Coutinho et al. 2003). 
Unlike the other CSLs, the CSLDs share the same membrane topology as CESAs 
(Richmond and Somerville 2000). The sequences between catalytic D and QXXRW 
residues in CLSDs are highly similar to the CESAs (Doblin et al. 2010). Also the 
CSLDs and CESAs have Zn-binding RING domains which are not found in CSLB, E, 
G and H families (Doblin et al. 2001; Roberts and Bushoven 2007).  
A significant amount of research has been directed at evaluating the CSLDs of 
vascular plants. In Arabidopsis, CSLD mutants have defects in pollen tube development 
(Doblin et al. 2001; Bernal et al. 2008) and root hair development (Bernal et al. 2008; 
Favery et al. 2001; Galway et al. 2011; Kim et al. 2007; Li et al. 2016; Park et al. 2011; 
Wang et al. 2001). Cellulose is one of the main components of root hair tips and 
cellulase can cause tip rupture in root hairs (Dumais et al. 2004; Park et al. 2011). 
However, CESA mutations have no obvious effect on root hair tip growth while CSLD 
mutations show root hair rupture (Bernal et al. 2008; Favery et al. 2001; Galway 2006; 
Galway et al. 2011; Wang et al. 2001). These observations suggest that the CSLDs are 
involved in cellulose synthesis. The hypothesis that CSLDs make cellulose or cellulose-
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like b-1,4-glucan chains is further supported by several cell wall assembly studies in 
which inhibitors of cellulose biosynthesis are used as tools. One of these studies showed 
that b-1,4-glucan is produced by isoxaben-habituated Arabidopsis cells, while 
upregulation of AtCSLD5 is observed by global transcript profiling (Manfield et al. 
2004). Functional analysis of cell-wall synthesis in tip-growing cells using inhibitors 
also indicates involvement of a specific CSLDs in cellulose or a cellulose-like 
polysaccharide synthesis. Isoxaben inhibits CESAs activity, but has no effect on tip 
growth or localization of CSLD3 (Park et al. 2011; Favery et al. 2001). In contrast, a 
range of concentrations of 2, 6-dichlorobenzolenitrile (DCB), which inhibits both 
CESAs and CSLDs, causes rupture in tips (Park et al. 2011). Some CESAs and CSLD3 
localizations are changed after CGA 325’615 (CGA) treatment, indicating that this 
inhibitor affects both CESAs and CSLDs (Park et al. 2011). 
Several studies in P. patens indicate that CSLDs play a role in cellulose 
biosynthesis. Cellulose has been found in developing protonemal filaments (Berry et al. 
2016). Based on open microarray data analysis with Genevestigator (Hiss et al. 2014), 
six PpCSLDs are highly expressed in protonema or cells in the process of initiating 
protonemal growth. The cellulose synthesis inhibitors isoxaben and DCB have no effect 
on protonemal tip growth rate which is consistent with the study in a close relative of 
P. patens, Funaria hygrometrica (Rudolph et al. 1989). However, only DCB but not 
isoxaben has an effect on protonemal cell integrity (Tran et al. 2018). Global silencing 
of the entire PpCSLD family by RNAi leads to inhibited protonemal tip growth, 
although no obvious phenotype was observed in ppcsld1, ppcsld2, ppcsld8 single 
knockout mutants (Dimos 2010). In addition, a previous study indicates quadruple 
ppcesa4/6/7/10 KO and triple ppcesa3/5/8 KO mutants show only a slight reduction in 
protonemal growth (Li 2017). Other ppcesa KO mutants only show defects in 
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gametophore development (Goss et al. 2012; Norris et al. 2017). This evidence suggests 
that the CSLDs play an essential role in protonema development. 
Although the developmental roles of CSLDs have been well studied in root hairs, 
the methodology for investigating CSLD biochemical function in these cells is difficult. 
These tip growing cells are difficult to culture and harvest in large quantities. Due to 
the fact that several CESA null mutations in vascular plants are lethal (Desprez et al. 
2007; Persson et al. 2005), it has only been possible to study CSLD function in the 
presence of background CESA activity, confounding any direct analysis. CSLD-
catalyzed cellulose synthesis has been difficult to prove because b-1,4-glucan chains, 
potentially produced by CSLD proteins, are difficult to distinguish from cellulose 
microfibrils synthesized by CESA proteins. The Zn-binding RING domains in CESAs 
are thought to be required for CSCs formation (Kurek et al. 2002), so similar CSCs 
could be formed from CSLDs and synthesize microfibrillar cellulose (Park et al. 2011; 
Doblin et al. 2010). But it is difficult to determine whether CSLDs form CSCs since 
CSLD-containing CSCs cannot be distinguished from CESA-containing CSCs by FF-
EM. If all CESAs could be deleted, CSLD activity could be studied directly without 
any CESA activity interference. Thus, the question of whether CSLDs form CSCs in 
the plasma membrane and produce microfibrillar cellulose could also be examined in 
all-CESA knockout lines. 
 P. patens is a potential model system to overcome some of the disadvantages of 
Arabidopsis for investigating CSLD function. It is a small plant and typical of many 
mosses with a dominant haploid phase. In a short life cycle, it first germinates from a 
haploid spore and then develops into a protonema by polarized tip growth. Chloronema 
and caulonema are two different cells in the protonema. Compared with chloronema, 
caulonema has a higher growth rate and fewer chloroplasts. In terms of function, 
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caulonema works in scavenging nutrients, while chloronema functions primarily in 
photosynthesis (Schumaker and Dietrich 1998). Buds are formed from protonema after 
about two to three weeks, and then give rise to leafy gametophores. Contrary to 
protonema, leafy gametophores do not grow by polarized tip growth and can form 
rhizoids on the stems. Rhizoids show functionality similar to root hairs in vascular 
plants and can be stimulated by auxin (Sakakibara et al. 2003). At the end, antheridia 
and archegonia (reproductive organs) are formed from leafy gametophores. Sperm 
produced from antheridia can get access to archegonia and fertilize an egg when water 
is present (Schumaker and Dietrich 1998). A diploid sporophyte consisting of a stalk 
and capsule is formed from the zygote. Haploid spores then can disperse after meiosis 
in the capsule (Schumaker and Dietrich 1998). The diploid phase is very rare in culture 
(Cove 2000). As a non-vascular plant containing tip growing protonemal filaments and 
rhizoids, P. patens could be used as an experimental system to investigate CSLD 
function because of its advantages. It has a fully sequenced genome (Rensing et al. 
2008; Zimmer et al. 2013) with seven CESA genes and eight CSLD genes (Roberts and 
Bushoven 2007). Large quantities of tip growing protonemal filaments can be easily 
cultured for study (Cove et al. 2009). Also, CESA activity may not be required for 
viability which may make it possible to generate viable lines with no CESAs to 
investigate PpCSLDs function without CESA activity interference, which it is not 
possible in Arabidopsis (Desprez et al. 2007; Persson et al. 2005). 
  
CRISPR/Cas9 
Gene editing is a form of genetic engineering that can potentially be used to 
precisely modify any organism’s genome by DNA insertion, deletion or replacement at 
specific targeted sites. So far, several synthetic nucleases have been used in gene editing 
 7 
strategies. They are zinc finger nucleases (ZFNs) (Gaj et al. 2013), transcription 
activator-like effector nucleases (TALENs) (Joung and Sander 2013), mega-nucleases 
(Silva et al. 2011), and the RNA guide CRISPR/Cas9 system which has become widely 
used in recent years (Sander and Joung 2014). All of these strategies use the engineered 
nucleases to introduce genetic modifications into genomes (Gaj et al. 2013). Gene 
editing is a powerful tool that can be applied in basic studies of gene function in plants 
and animals. It can also be applied for crop improvement through trait modification and 
for gene therapy to treat human diseases. Compared to classic transgenesis, gene editing 
is a better approach for targeted genetic modifications since the strategy is more 
straightforward, and it can be adapted in most organisms. 
CRISPR is short for Clustered Regularly Interspaced Short Palindromic Repeats, 
and Cas9 is an enzyme that works with a guide RNA to cut targeted DNA sequences. 
CRISPR/Cas9 gene editing technology is derived from a natural acquired immunity 
system that bacteria use to fight off viral infections before they cause damage (van der 
Oost et al. 2009; Marraffini 2015). Generally speaking, CRISPR allows bacteria to 
generate specific memory of invaders. This acquired memory allows bacteria to 
recognize past invaders and provides an ability to resist future infection by similar 
foreign viral invaders. The natural CRISPR system is characterized by three stages, the 
adaptation, expression, and interference stages (van der Oost et al. 2014; Garneau et al. 
2010; Makarova et al. 2011; Gasiunas et al. 2014; Doudna and Charpentier 2014). In 
the adaptation stage, bacteria can incorporate small pieces of the viral genetic material 
into the CRISPR locus of their own genomes (Hsu et al. 2014; Yosef et al. 2012). A 
highly variable locus from different S. thermophilus strains was identified through 
comparative genomics analysis (Bhaya et al. 2011). In this highly variable region, 
variable sequences known as spacers and many non-contiguous repeats were found. 
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During the expression stage of the type II CRISPR system, Cas9 and two RNA 
components are formed. First, foreign DNA fragments working as molecular memory 
of previous invaders within the repeat CRISPR array are transcribed with CRISPR 
repeats as CRISPR RNAs (crRNAs) (Brouns et al. 2008). Another RNA component 
called trans-activating CRISPR RNA (tracrRNA) is transcribed from upstream of the 
CRISPR locus (Deltcheva et al. 2011). A small region of tracrRNA is complementary 
to the repeat CRISPR array in crRNA, a double strand RNA is formed. Then the 
complex is cleaved by RNase III, and a crRNA:tracrRNA complex with one spacer is 
formed. This complex is loaded onto Cas9 to form an active ribonucleoprotein (RNP) 
complex. In the interference stage, the crRNA:tracrRNA complex guides Cas9 to target 
sequences based on complementary base pairing, then Cas9 cuts the binding DNA. The 
specificity of Cas9 relies on a short DNA sequence next to target sequence termed 
Proto-spacer Adjacent Motifs (PAMs) which enables Cas9 to distinguish self from non-
self DNA (Brouns et al. 2008; Garneau et al. 2010; Marraffini and Sontheimer 2008). 
In the type II CRISPR/Cas9 system, the complex causes a double strand break by 
binding to the target sequence and prevents the foreign DNA from propagating (Brouns 
et al. 2008). 
The type II CRISPR/Cas9 system is the most popular CRISPR gene-editing 
system due to its simplicity requiring one Cas protein, and this artificial CRISPR/Cas9 
system contains two important parts. One is the guide RNA, which is a synthetic RNA 
targeting a specific sequence in DNA, and the other is the Cas9 enzyme, which acts as 
an endonuclease. The single guide RNA (sgRNA) contains crRNA and tracrRNA. The 
endonuclease Cas9 forms a complex with the 3’ end of the sgRNA, and the 5’ end of 
the sgRNA recognizes a predefined 20 bp protospacer target sequence in the genome 
based on complementary base pairing. The specific target ensures that Cas9 cuts at the 
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selected site in a DNA sequence. There is a limitation to protospacer targeting in the 
genome because PAM is required next to the protospacer for Cas9 recognition and 
cleavage (Figure 1). Different Cas9 proteins from different species of bacteria 
recognize different PAM sites. The most widely used is SpCas9, isolated from 
Streptococcus pyogenes. “NGG” is the PAM recognized by this endonuclease. With 
the guide RNA-target DNA complementarity and PAM-based DNA recognition, two 
nuclease domains, RuvC and HNH, in the Cas9 protein cut the DNA sequence three 
nucleotides upstream of the PAM site and cause a blunt double-strand DNA (dsDNA) 
break (DSB) with high specificity (Garneau et al. 2010). After that, two DNA repair 
pathways, the Non-Homologous End Joining (NHEJ) pathway and the Homology 
Directed Repair (HDR) pathway, will be initiated (Gaj et al. 2013). In the NHEJ repair 
pathway, an insertion/deletion (InDel) is generated in the target site, and a frameshift 
or premature stop codons is introduced into the open reading frames (ORFs) of target 
genes. Compared with NHEJ, HDR is less effective in creating InDel mutations, but 
very useful for inserting tags. The HDR pathway uses a donor DNA template to repair 
the DSB, and specific DNA sequences are inserted into the target site.  
  
Figure 1. CRISPR/Cas 9 engineered nuclease. The sgRNA works with the Cas9 
endonuclease to ensure target-specific modification of the genome. 
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 The goal of this project was to investigate the functional roles of the CSLD 
genes. To achieve this goal, two different strategies were employed. First, attempts 
were made to produce a valuable genetic background in P. patens in which all CESAs 
are knocked out to investigate CSLD activity without interference from CESA activity. 
Starting with an existing quadruple ppcesa3/8/6/7 KO line (gift of Arielle Chaves), 
CRISPR/Cas9 KO vectors for the remaining PpCESAs were designed and applied. In 
addition, studies were also performed to analyze CSLDs in the wild type background 
by double knockout. P. patens has undergone two ancestral whole genome duplication 
events (Lang et al. 2018). Following the most recent duplication, one ancestral CSLD 
gene duplicated to form a tandem pair on chromosome 2, CSLD1 and CSLD7, both of 
which are highly expressed in rhizoids.  Another ancestral CSLD gene duplicated to 
form an inverted pair on chromosome 1, CSLD3 and CSLD4, both of which are 
expressed in protonema. The two members of these pairs are likely to have redundant 
functions. So CRISPR/Cas9 vectors for PpCSLD1, PpCSLD3, PpCSLD4, PpCSLD7 
were made and used to generate ppcsld1/7 and ppcsld3/4 double knockouts.  
Dual Cas9-sgRNA expression vectors were designed to target PpCSLDs and 
PpCESAs. The CRISPOR web tool (http://crispor.tefor.net/) (Haeussler et al. 2016) was 
used to identify targeted CRISPR sequences in the P. patens genome. For each targeted 
CESA and CSLD gene, two protospacers were identified. Using the CRISPR/Cas9 
vector system developed by the Bezanilla Lab at Dartmouth College (Mallett et al. 
2019), annealed protospacers were cloned to pENTR Multisite Gateway plasmids 
(pENTR-PpU6p-sgRNA) (Figure 2A). For this step, the Roberts’ lab (URI) has 
developed a rapid cloning procedure using NEB Golden Gate Assembly. Then the 
sgRNA expression cassettes (two for each target gene) were moved to a destination 
vector (Figure 3A), containing the Cas9 gene and one of three antibiotic resistance 
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cassettes, by Multisite Gateway Pro Technology (Invitrogen, Carlsbad, CA). The 
collection of CRISPR/Cas9 KO vectors was used to knock out the PpCESAs in an 
existing quadruple ppcesa3/8/6/7 KO line and PpCSLDs in wild type P. patens. 
Protoplasts were transformed with vectors that express dual sgRNAs (Figure 4), then 
screened by antibiotic selection. After regenerating colonies, potential KO colonies 
were screened with PCR by looking deletions, then sequenced to identify targeted and 
off-targeted mutations. Finally, the roles of the PpCSLDs family members in KO 























        
 
 
Figure 2. Entry clone construction. (A) Plasmid maps of pENTR-Ppu6p-sgRNA-L1R5 
and pENTR-Ppu6p-sgRNA-L5L with modified att sites. (B) Detail of the BsaI 
recognition (red) and cut sites (arrows). BsaI cutting removes the recognition sites and 












Figure 3. Construction of expression vector. (A) Plasmid maps of destination vectors 
with Gateway® cassette, Cas9 expression cassette, and antibiotic selection cassettes 
(hygromycin, G418, and zeocin resistance). (B) Two-fragment LR recombination 
reaction for insertion of sgRNAs expression cassettes into destination vectors. (C) Final 
plasmid map with 2 sgRNA expression cassettes, Cas9 expression cassette, and 




Figure 4. Gene editing by the CRISPR/Cas9 system. A CRISPR/Cas9 plasmid vector 
is used for PEG-mediated protoplast transformation. Inside the protoplast, the vector 
drives expression of the Cas9 protein and sgRNA, and the Cas9/sgRNA complex 

















MATERIALS AND METHODS 
Vector Construction 
All gene KO vectors were constructed as previously described (Mallett et al. 
2019). The publicly available CRISPOR online software (http://crispor.tefor.net/) 
(Haeussler et al. 2016) was used to identify candidate protospacers in the P. patens 
genome. Protospacers were designed to target individual genes: PpCSLD1 
(Pp3c2_1280V1.1), PpCSLD3 (Pp3c1_41250V1.1), PpCSLD4 (Pp3c1_41400V1.1), 
PpCSLD7 (Pp3c2_1330V1.1), PpCESA4 (Pp3c9_2550V1.1), PpCESA5 
(Pp3c2_13330V1.1), PpCESA10 (Pp3c9_2670V1.1). For each targeted gene, exon 
sequences were submitted to CRISPOR and protospacer candidates were generated. 
Two protospacers that were at least 300 bp apart were chosen to target each gene. The 
protospacers were chosen based on high value for out-of-frame and few off-target sites. 
By using two protospacers, genotyping was greatly simplified because deletions were 
easily identified by PCR genotype analysis. All designed protospacers are listed in 
Table 1.  
To make double-stranded protospacers for cloning purposes, two 
complementary synthesized oligonucleotides (50 μM each) were annealed using a 
thermocycler (98°C for 3 min, slow ramp (1%) to primer Tm, hold at Tm for 10 min, 
slow ramp (1%) to 25°C and hold). sgRNA expression cassettes were constructed by 
cloning annealed protospacers into pENTR-PpU6p-sgRNA entry vectors (Figure 2A) 
using the Golden Gate Assembly method (Figure 2B), in which BsaI cleavage and T4 
ligation are performed simultaneously (New England Biolabs, Ipswich, MA). The two 
protospacers targeting each gene were cloned into two different entry vectors, pENTR-
Ppu6p-sgRNA-L1R5 and pENTR-Ppu6p-sgRNA-L5L2 (Figure 2A), so that both 
sgRNA expression cassettes could be cloned into the same destination vector. In each 
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10 μl Golden Gate Assembly reactions, 37.5 ng entry vector and 1.1 μl 1000-fold 
annealed protospacer were incubated at 37°C for 1 h to promote BsaI cutting and the 
ligation of the protospacer, then at 60°C for 5 min to favor BsaI cutting without DNA 
ligation. The assembly reaction products were transformed into TOP10, E. coli cells 
(Invitrogen Life Technologies, Carlsbad, CA), and kanamycin resistant colonies were 
picked for overnight culture. Plasmid DNA was extracted and purified from antibiotic 
resistant colonies using a QIAGEN QIAPrep Spin Miniprep kit according to 
manufacturer’s instructions (QIAGEN Inc, Valencia, CA, USA). The resulting 
plasmids were screened by restriction digestion with BsaI and PvuI or ApaLI, then 
confirmed by sequencing on the Applied Biosystems BigDye® Terminator v3.1 
chemistry (Life Technologies).  
Three different Gateway-enabled destination vectors, pZeo-Cas9-gate, pMH-
Cas9-gate, and pMK-Cas9-gate (Figure 3A), conferring zeocin, hygromycin, and G418 
resistance respectively, were used for dual Cas9-sgRNA expression vector construction. 
All three vectors include a maize ubiquitin promoter driving the expression of Cas9 
(Figure 3A). MultiSite Gateway® Pro LR recombination was used to transfer two 
sgRNA expression cassettes targeting the same gene to one of the three destination 
vectors (Figure 3B, C). For the 5 μl LR reaction, 10 ng of each entry clones and about 
90 ng destination vector were mixed with 1 μl LR ClonaseTM II Plus enzyme mix. After 
16 h incubation at room temperature, 0.5 μl Proteinase K solution was added to 
terminate the reaction. Then the LR reaction products were transformed into E. coli 
cells as described for entry clone transformation. Plasmids from ampicillin resistant 
colonies were purified and the resulting potential KO constructs were first screened by 
restriction digestion with EcoRI or EcoRV, then confirmed by sequencing.  
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Moss tissue culture and protoplast transformation 
Moss Subculture 
Protonemal filaments of P. patens Gransden wild type strain (Ashton and Cove, 1977) 
and quadruple ppcesa3/6/7/8 KO line (gift of Arielle Chaves) were cultured as 
described previously (Roberts et al. 2011). About 150 mg of tissue from the starter 
culture were scraped into a mound with sterile forceps, then transferred to a sterile 15 
ml centrifuge tube with 6-8 ml sterile water. The tissue was broken up using a rotor-
stator type tissue homogenizer with a sterile hard tissue tip for 10-20 s on medium speed 
(Omni International, Kennesaw, GA, USA), and about 2 ml of culture suspension was 
inoculated onto a cellophane-overlain BCDAT (Roberts et al. 2011) plate. Protonemal 
tissue cultured at 25°C with constant illumination at 50-80 μmol m-2 s-1 at 6-day 
intervals (at least two rounds) was used for protoplast transformation. 
 
Moss Transformation 
Protoplasts were isolated from P. patens and transformed as described by 
Roberts et al. (2011). Briefly, protonemal tissue from two rounds of subculture was 
digested with driselase for 60 min (wild type) or 30 min (quadruple, quintuple, sextuple 
KO) to remove the cell wall. Protoplasts were collected by centrifugation, washed three 
times with 8.5% mannitol, and resuspended in 3M solution. Protoplast suspension and 
about 10 μg purified KO plasmid were mixed in polyethylene glycol (PEG) solution 
and heat-shocked (Figure 4). Then protoplasts were resuspended in 3 ml PRML 
(Roberts et al. 2011) and about 1 ml suspension was spread on cellophane-overlain 
PRMB (Roberts et al. 2011) plates for 4 days. Transiently transformed protoplasts were 
selected with 50 μg mL-1 G418 (CSLD7 KO and CESA10 KO vectors) or 15 μg mL-1 
hygromycin (CSLD4 KO and CESA4 KO vectors) or 50 μg mL-1 zeocin (CSLD1 KO, 
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CSLD3KO, and CESA5 KO vectors) for 7 days on BCDAT plates. Regenerating 
protonemal colonies were moved to BCDAT without antibiotics after 7 days selection 
for maximal growth. 
 
Genotype Analysis  
Primer Design  
PCR genotyping primers were designed to amplify a region approximately 300 
bp upstream of the first protospacer to 300 bp downstream of the second protospacer 
using the Primer 3 web tool (http://bioinfo.ut.ee/primer3-0.4.0/) (Figure 5A). The 
designed genotyping primers (Table 2) were used for gene deletion analysis. 
Off-target primer information can be found in the output of the desired 
protospacer page, with sites of CFD scores < 0.02 ignored. The remaining off-target 
amplicon sequences were used to blast against the COGE database 
(https://genomevolution.org/coge/CoGeBlast.pl), and the sequence for the gene that 
contains the off-target site was downloaded and saved for off-target primer design. 
Primers were designed to amplify 500-800 bp with the off-target site in the middle of 














Figure 5. PCR target and off target genotype analysis. (A) Forward primer anneals 
about 300 bp upstream of the first protospacer and reverse primer anneals about 300 bp 
downstream of the second protospacer. (B) Off-target genotyping primers are designed 



































Table 1. Synthesized oligonucleotides for protospacer annealing 











CSLD1_gRna289f_s ccatCGTAGTTCTAGGGGGGCTGC 73 0 68°
C CSLD1_gRna289f_a aaacGCAGCCCCCCTAGAACTACG 
CSLD1_gRna922r_s ccatAACCGTAAGTGCCCTTAGTC 78 2 62.9
°C CSLD1_gRna922r_a aaacGACTAAGGGCACTTACGGTT 
CSLD3_gRna277f_s ccatTCGGTAAGCAGGGTAATGCG 61 0 64.6
°C CSLD3_gRna277f_a aaacCGCATTACCCTGCTTACCGA 
CSLD3_gRna847f_s ccatATGTTCGCCGCGATGACTTG 65 1 64.6
°C CSLD3_gRna847f_a aaacCAAGTCATCGCGGCGAACAT 
CSLD4_gRna220r_s ccatGAAGGTCAGACCTACCACTG 66 2 64.6
°C CSLD4_gRna220r_a aaacCAGTGGTAGGTCTGACCTTC 
CSLD4_gRna1271r_s ccatCTACGTTCACGGAACCTAGG 62 1 64.6
°C CSLD4_gRna1271r_a aaacCCTAGGTTCCGTGAACGTAG 
CSLD7_gRna274f_s ccatTCAGCCGGGTAACATGGGAC 69 0 66.3
°C CSLD7_gRna274f_a aaacGTCCCATGTTACCCGGCTGA 
CSLD7_gRna1027r_s ccatACCACCGTCATTGCTACCGT 70 2 64.6
°C CSLD7_gRna1027r_a aaacACGGTAGCAATGACGGTGGT 
CES5_gRna789r_s ccatTCGAGACGTACACTAGCCTG 64 1 64.6
°C CES5_gRna789r_a aaacCAGGCTAGTGTACGTCTCGA 
CES5_gRna1819r_s ccatCTACGGAACCCAAAGCCCAC 76 4 66.3
°C CES5_gRna1819r_a aaacGTGGGCTTTGGGTTCCGTAG 
CesA4_gRna27f_s ccatTGGATCCGGCGAAAGATTTG 74 2 62.9
°C CesA4_gRna27f_a aaacCAAATCTTTCGCCGGATCCA 
CesA4_gRna17r_s ccatTCCACCGGCGCCAACTGAGA 58 2 68°
C CesA4_gRna17r_a aaacTCTCAGTTGGCGCCGGTGGA 
CesA10_gRna139f_s ccatCAGCCAGATGGCTTATGGTC 67 1 64.6
°C CesA10_gRna139f_a aaacGACCATAAGCCATCTGGCTG 
CesA10_gRna42f_s ccatATGCGGGCTCGGATGGGTAT 75 2 66.3
°C CesA10_gRna42f_a aaacATACCCATCCGAGCCCGCAT 
 
PCR screening for gene knockout 
Tissue was collected from colonies selected for transient antibiotic resistance 
and genomic DNA was extracted from potential KO mutants as described previously 
(Roberts et al. 2011). DNA extracted from each potential KO line (1-2μL) was 
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amplified with genotyping primers with Taq DNA Polymerase in 25 μl reactions 
according to the manufacturer’s protocol (New England Biolabs, Ipswich, MA). 
Colonies were screened for deletions in the target gene by gel electrophoresis of the 
PCR products. A 50 μl PCR reaction was conducted for colonies showing small 
products (as expected for deletions), and 5 μl of product was used for gel 
electrophoresis to confirm successful amplification. The remaining 45 μl of product 
was cleaned up by Monarch® PCR & DNA Cleanup Kit according to manufacturer’s 
instructions (New England Biolabs, Ipswich, MA), and sequenced. In some cases, PCR 
products with no apparent deletion were amplified and sequenced as described above.  
 
Sequence Analysis 
 Sequencing results were analyzed with CodonCode Aligner (CodonCode 
Corporation, Centerville, MA). For on-target genotyping, the actual sequence and 
edited sequences were assembled, and two protospacers were searched and labeled in 
edited sequences. Then the edited sequence was assembled with its own sequence 
without trimming. The translated nucleotide sequence was analyzed around two 
protospacer sites by comparing with the actual amino acid sequence.  
 
Analysis of off-target gene modification 
The resulting lines with frameshifts were screened for off-target edits by PCR 
amplification with off-target primers and sequencing of the PCR products as described 
above. For off-target genotyping, sequencing results were assembled with the actual 
sequence. The off-target site was highlighted in the actual sequence and compared to 




Table 2. Primers used to amplify on target region for genotype analysis 
Primer Sequence Annealing 
temperature 
CSLD1_Crdel-F AAAACACTCAGGCAATCGGG 53°C 
CSLD1_Crdel-R CCATCTTCACCAGGCCAAAC 
CSLD3_Crdel-F CGACAAGGAGAAGGAGGAGG 53°C 
CSLD3_Crdel-R GCGTGGTCAAAATCCGTAGT 
CSLD4_Crdel-F TGGTTCGCTTTCTCCTGGAT 53°C 
CSLD4_Crdel-R GTCAACCCTGTTACCTCCGA 
CSLD4_Crdel-F2 CGATGCTATATGGTTGTGGGG 53°C 
CSLD4_Crdel-R2 TCGTAGAAGCAGGACACCAC 
CSLD7_Crdel-F TTCAGCGATCCGACTTTTGC 53°C 
CSLD7_Crdel-R GACAAAGGACGGCGAGATTT 
CSLD7_Crdel-F2 TGGACTGGTAGTGTGGCATT 53°C 
CSLD7_Crdel-R2 CCAGAATCATGCTACGAAGGG 
CESA4_Crdel-F GGGCGGGAAAGGATCTCATA 53°C 
CESA4_Crdel-R CCAGAATCGACAGCACAGTG 
CESA4_Crdel-F2 ACATCCCCAGATCATCAAGCT 52°C 
CESA4_Crdel-R2 GGGGCTCGATGTTGAACTT 
CESA4_Crdel-F3 GTGTCAAGCTGCGAAATGGA 53°C 
CESA4_Crdel-R3 AGCTCATGTCACCTCACCTT 
CESA5_Crdel-F CAACCGCGAGACATACTTGG 53°C 
CESA5_Crdel-R TGCTTGTTTGGAAGTGACGG 
CESA10_Crdel-F ACTCCGACGACCTAGACAAC 54°C 
CESA10_Crdel-R CTCCCTCTCCACTTGCTTGA 
CESA10_Crdel-F2 TGAAGAAGAGGACTCCGACG 54°C 
CESA10_Crdel-R2 CCTAGTGCTTTGCGACATCC 



















Table 3. Primers used to amplify off-target region for genotype analysis 
Primer  Sequence Annealing 
temperature 
CSLD1_OffT_1F TCCCATCTGTGCTGTCGAAG 52°C 
CSLD1_OffT_1R CGAAGGGAAGCTCATTGAAGT 
CSLD1_OffT_2F CAGAGCGAGCACAACCATAC 53°C 
CSLD1_OffT_2R CAAGGCGATGAGGGACGA 
CSLD3_OffT_1F AGACCAACATCTCCAGTGCA 53°C 
CSLD3_OffT_1R ATGCCTGGAAGTGGGTCAAT 
CSLD4_OffT_1F AGAAGAAGAAGCGCAGAGGT 53°C 
CSLD4_OffT_1R GCATCCGAAACTGACTGCAA 
CSLD4_OffT_1F2 ATGGAACGGAGATGGCAATC 52°C 
CSLD4_OffT_1R2 GCGCTGTTCTCACGAAGC 
CSLD4_OffT_2F AGCATTGTACGCATCGGAAC 53°C 
CSLD4_OffT_2R CAAGGAATGAAGCTGTGGGG 
CSLD4_OffT_3F ACTCTCTCTTGACCTTGCGG 53°C 
CSLD4_OffT_3R TGTGTCCACGCTAGCAATTG 
CSLD4_OffT_3F2 ACTCTCTCTTGACCTTGCGG 52°C 
CSLD4_OffT_3R2 TCGCAAAGTCAGCATTTCGA 
CSLD7_OffT_1F CGCTCAGAGTATTGTTGCTTCA 52°C 
CSLD7_OffT_1R TGCCTCCATCTTCTCCACTT 
CSLD7_OffT_2F CAAAGGCATACGGAGCTGTC 53°C 
CSLD7_OffT_2R GCCCACGCTAAAATCAGTTCA 
CESA4_OffT_1F AGTTCGTTCCTCACTGCACT 53°C 
CESA4_OffT_1R CACGCCAAGTCACTCCAAAG 
CESA4_OffT_2F AGCTCATGTCACCTCACCTT 53°C 
CESA4_OffT_2R CGACTTTCCCTGAGGTACGT 
CESA4_OffT_3F GGTGGTGATTGTTACGGTGG 53°C 
CESA4_OffT_3R TGGCCATGAGAAACTGAAGC 
CESA10_OffT_1F GTGTCAAGCTGCGAAATGGA 53°C 
CESA10_OffT_1R GAGCTTCGTTTCCTGCAGAG 
CESA10_OffT_1F2 GTGTCAAGCTGCGAAATGGA 53°C 
CESA10_OffT_1R2 CAACCAACACACCTCACACC 
CESA10_OffT_2F GGGGAGGGGTATGAAGGAGA 55°C 
CESA10_OffT_2R ATCTGCTCGCTATGGTGGG 
CESA5_OffT-1F GGTCAGGGTCACTTGGATCA 52°C 
CESA5_OffT-1R TTGTCGGCATGCTTTGGAAA 
CESA5_OffT_2F AAGACAGACTCGGGACAAGG 51°C 
CESA5_OffT_2R TCAACTGCCATTACTCTGCA 
CESA5_OffT_3F CAACGCAATGCAGTCTCAGA 53°C 
CESA5_OffT_3R AAGACATTCCAGGGGCAGC 
CESA5_OffT_4F ATGCGACAGGGGAGAGTATG 53°C 
CESA5_OffT_4R TTTCTCGTGGTGTTGCTGTG 




The rhizoid assay was carried out as described previously (Roberts et al. 2011). 
Wild type P. patens and ppcsld1/7 KO lines were first cultured on BCDAT for 7 days, 
then approximately 0.5 cm2 of 7-day-old chloronemal tissues were spotted on BCD 
medium (Roberts et al. 2011) and BCD medium with 1 μm l-1 naphthaleneacetic acid, 
a synthetic plant hormone in the auxin family (Sakakibara et al. 2003), for two weeks. 




After completing the rhizoid assay, for each individual colony, 3-4 rhizoids 
were isolated from wild type P. patens and ppcsld1/7 KO lines, then treated with IMFL 
fixative (12.5 mM PIPES, 0.625 mM MgSO4, 0.5 mM EGTA, 3.7% Formaldehyde, 1 
μl Triton X-10 in water) containing 0.01 mg ml-1 calcofluor. Stained samples were 
examined with fluorescence microscopy (UV excitation). Photographs were taken to 













To facilitate direct analysis of PpCSLD activity, attempts were made to generate 
a viable genetic background line with all PpCESAs rendered non-functional. Since the 
combination of PpCESAs activities that could be eliminated while still retaining 
viability was unknown, a stepwise approach was implemented. A quadruple 
ppcesa3/8/6/7 KO line was first transformed with the individual CESA4 KO, CESA5 
KO, or CESA10 KO vectors (Figure 6). After PEG-mediated transformation and 
antibiotic selection, putative KO lines were genotyped by PCR genotype analysis, then 
confirmed by sequencing. 
 
Figure 6. Flowchart of the strategy used to recover a viable genetic background non-
functional for all seven PpCESAs. CESA4 KO, CESA5 KO, and CESA10 KO vectors 
were used to knockout the respective genes.  
 
Confirmation of ppcesa3/8/6/7/10 KO lines 
 Following transformation of ppcesa3/8/6/7 KO with the CESA10 KO vector, 
16 lines selected for transient antibiotic resistance were screened by PCR with the 
appropriate genotyping primers listed in Table 2 (Figure 7A). PCR products from 8 
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lines identified with large gene deletions were sequenced. Three mutants, lines 3, 6, 
and 10, had frameshifts (Figure S3, 4, 7), and no mutations were found in two off-target 
sites (Figure S9, 10). Line 10 was chosen from the three confirmed ppcesa3/8/6/7/10 
KO mutants to knockout PpCESA4 as the next targeted gene.  
 
Confirmation of ppcesa3/8/6/7/10/4 KO lines 
 Following two transformations of ppcesa3/8/6/7/10 KO with the CESA4 KO 
vector, 96 lines selected for transient antibiotic resistance were screened by PCR with 
the appropriate genotyping primers listed in Table 2 (Figure 7B, C). A new phenotype 
was observed in all large gene deletions mutants. All of these mutants showed abnormal 
gametophore morphology. The gametophore leaves of mutants were shorter and 
rounded and the entire structure was smaller (Figure 8). Besides these mutants, about 
80% of the transient antibiotic resistant lines without apparent large gene deletions also 
showed defects in gametophore. To examine the relationship between phenotype and 
gene disruption, PCR products from lines showing small PCR products and abnormal 
gametophores, wild type-like PCR products and abnormal gametophores, and wild 
type-like PCR products and normal gametophores were sequenced (Figure 9). These 
sequencing results confirmed that the abnormal gametophore phenotype is consistently 
associated with PpCESA4 disruption. All lines showing the new phenotype had been 
gene edited with introduction of a frameshift or a premature stop codon. In all, eight 
mutants were identified with frameshifts (Figure S11-15, S18, 19, 21), and four mutants 
with large gene deletions. Lines 6, 28, 37, and 41, were used for off-target screening. 
No off-target edits were found in off-target site 1 and 3 (Figure S24, 26). But in off-
target 2 screening, mutations were found in lines 28 (Figure S25). Since off-target 2 
targets PpCESA10, which was knocked out previously, these mutants were still useful 
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for downstream work. Four ppcesa3/8/6/7/10/4 KO mutants, lines 6, 28, 37, and 41, 
were generated from this transformation, lines 28 and 41 were used for following 
transformation. So far, about 70% of the transient antibiotic resistant colonies were 
identified with no gametophores in transformation of ppcesa3/8/6/7/10/4 KO with the 
CESA5 KO vector. 
  
Confirmation of ppcesa3/8/6/7/5 KO lines  
 Following transformation of ppcesa3/8/6/7 KO with the CESA5 KO vector, 40 
lines selected for transient antibiotic resistance were first pre-screened for the ppcesa5 
KO phenotype, which is characterized by lack of gametophores (Goss et al. 2012). Then 
the resulting 15 lines were screened by PCR with the appropriate genotyping primers 
listed in Table 2 (Figure 10A). PCR products from 4 lines identified with large gene 
deletions were sequenced. Sequencing results analyzed by CodonCode Aligner show 
that frameshifts were introduced in lines 10, 19, and 31(Figure S27, 28, 30). No off-
targets edits were found in these lines (Figure S31-35). Three ppcesa3/8/6/7/5 KO 
mutants were generated from this transformation, and line 10 was used for downstream 
transformation. 
 
Confirmation of ppcesa3/8/6/7/5/10 KO lines  
 Following transformation of ppcesa3/8/6/7/5 KO with the CESA10 KO vector, 
48 lines selected for transient antibiotic resistance were screened by PCR with the 
appropriate genotyping primers (Table 2). For this knockout, about 50% of the colonies 
were identified with large gene deletions (Figure 10B). PCR products from 8 mutants, 
which are selected based on different sizes of PCR products, were sequenced. Six 
mutants, lines 5, 6, 9, 10, 11, and 30, were identified with frameshifts (Figure S36, 37, 
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39, 40, 41, 44) and none of them had mutations in off target sites (Figure S45, 46). Line 
6 was selected from six resulting ppcesa3/8/6/7/5/10 mutants for the last gene knockout 
using PpCESA4 as the next targeted gene. 
 
Confirmation of ppcsld1 KO and ppcsld7 KO lines 
To investigate the functional roles of CSLDs, wild-type P. patens (GD11) was 
used for transformation. To generate ppcsld1/7 double knockouts, protoplasts from GD 
11 were transformed with the CSLD1 KO vector. 32 lines selected for transient 
antibiotic resistance were screened by PCR with the appropriate genotyping primers 
listed in Table 2 (Figure 11A). PCR products from four mutants identified with gene 
deletions were sequenced. Two of them were identified with frameshifts (Figure S47, 
48), and no off-targets edits were found in these mutants (Figure S51, 52). Two ppcsld1 
KO mutants, lines 4 and 13, were generated in this transformation, and line 4 was 
chosen to make the double knockout through transformation with the CSLD7 KO 
vector. 
Two individual transformations were conducted to knock out PpCSLD7 in the 
ppcsld1 KO line. Following transformation with the CSLD7 KO vector, 96 lines 
selected for transient antibiotic resistance were screened by PCR with the appropriate 
genotyping primers listed in Table 2 (Figure 11B, C). PCR products from four lines 
were identified with gene deletions, and only line 10 from transformation 2 met the 
criteria for off-target screening (Figure S60). In this case, additional PCR products from 
six lines with no apparent large gene deletions were sequenced and all of them were 
identified with small deletions near the target site (Figure S55-59, 61). Four lines 
identified with frameshifts (Figure S55, 57, 59, 61) together with line 10 (Figure S60) 
were used for off-target screening and no mutations were found in two off-target sites 
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(Figure S63, 64). The resulting five ppcsld1/7 KO lines, lines 3, 5, 9, 10, and 15, were 
used for the rhizoid assay and cellulose assay.  
 
Confirmation of ppcsld3 KO and ppcsld4 KO lines 
 To generate ppcsld3/4 KO mutants, single ppcsld3 KO mutants were first made 
in wild type P. patens. Following transformation with the CSLD3 KO vector, 41 lines 
selected for antibiotic resistance were screened by PCR with the appropriate genotyping 
primers listed in Table 2 (Figure 12A). PCR products from eight mutants identified 
with large gene deletions were sequenced. Five mutants, lines 4, 5, 20, 28, and 31, were 
identified with frameshifts (Figure S65, 66, 69, 70, 71), and none of them had mutations 
in one off-target site (Figure S72). Five ppcsld3 KO mutants were generated and line 
20 was chosen for subsequent transformation with the CSLD4 KO vector. 
Following transformation of ppcsld3 KO line 20 with the CSLD4 KO vector, 
48 lines selected for transient antibiotic resistance were screened by PCR with the 
appropriate genotyping primers listed in Table 2 (Figure 12B). PCR products from 
seven mutants identified with large gene deletions were sequenced. In off-target 
screening, mutations were found in two off-target sites (Figure S78, 79). These 
mutations were located upstream of the catalytic domains of PpCSLD5 and PpCSLD8 
(Figure 13).  
 
Rhizoid & Cellulose Assay 
After PCR genotype analysis, all confirmed ppcsld1/7 KO lines were used for 
phenotype analysis which included a rhizoid growth assay and a fluorescent 
cytochemical cellulose assay. To identify the differences in rhizoid growth between 
wild type P. patens and ppcsld1/7 KO mutants, lines 3, 5, 9, 10, and 15 of ppcsld1/7 
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KO and wild type P. patens were grown on BCD medium with 1 μm l-1 
naphthaleneacetic acid for two weeks. No obvious difference was observed between 
line 3 (Figure 14b, e), line 5 (Figure 14c, f), line 9 (Figure 14g, j), line 10 (Figure 14h, 
k), line 15 (Figure 14i, l) of ppcsld1/7 KO and wild type P. patens (Figure 14a, d) in 
rhizoid growth.  
As a result, a fluorescent cytochemical cellulose assay was performed to 
identify differences in cellulose content between ppcsld1/7 KO mutants and wild type 
P. patens. Isolated rhizoids from wild type and mutants were stained with calcofluor 
and examined with fluorescence microscopy. No differences were observed when wild 












































Figure 7. PCR genotype analysis of transient antibiotic resistant colonies resulting 
from transformation of ppcesa3/8/6/7 KO mutant with CESA10 KO (A) and CESA4 
KO (B, C) vectors. (A) PCR products from amplification of DNA extracted from 11 
independent lines with primers CESA10_Crdel-F and CESA10_Crdel-R. (B) PCR 
products from amplification of DNA extracted from 48 independent lines from 
transformation 1 with primers CESA4_Crdel-F2 and CESA4_Crdel-R2. (C) PCR 
products from amplification of DNA extracted from 48 independent lines from 
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Figure 8. The phenotype of ppcesa3/8/6/7/10/4 KO mutants (a, b, c, e, f) and wild-
type P. patens (d). ppcesa3/8/6/7/10/4 KO lines cultured from protonemal tissue on 
BCDAT medium, showing defect leafy gametophores. Bars=2 mm (a-c), bars=0.5 
mm (d-f). 
 
Figure 9. A schematic showing on target edits between two protospacers. 
ppcesa3/8/6/7/10/4 KO mutants were made from the transformation of 
ppcesa3/8/6/7/10 KO with the CESA4 KO vector, gene deletions (red) or insertions 
(green) were found between two target sites. Line 6 from transformation 1 was not 














Figure 10. PCR genotype analysis of transient antibiotic resistant colonies resulting 
from transformation of the ppcesa3/8/6/7 KO mutant with PpCESA5 (A) and 
PpCESA10 (B) KO vectors. (A) PCR products from amplification of DNA extracted 
from 15 independent lines with primers CESA5_Crdel-F and CESA5_Crdel-R. (B) 
PCR products from amplification of DNA extracted from 48 independent lines with 
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Figure 11. PCR genotype analysis of transient antibiotic resistant colonies resulting 
from transformation of wild type P. Patens (GD 11) with PpCSLD1 (A) and PpCSLD7 
(B, C) KO vectors. (A) PCR products from amplification of DNA extracted from 32 
independent lines with primers CSLD1_Crdel-F and CSLD1_Crdel-R. (B) PCR 
products from amplification of DNA extracted from 48 independent lines from 
transformation 1 with primers CSLD7_Crdel-F2 and CSLD7_Crdel-R2. (C) PCR 
products from amplification of DNA extracted from 48 independent lines from 
transformation 2 with primers CSLD7_Crdel-F2 and CSLD7_Crdel-R2.    
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Figure 12. PCR genotype analysis of transient antibiotic resistant colonies resulting 
from transformation of wild type P. patens (GD 11) with PpCSLD3 (A) and PpCSLD4 
(B) KO vectors. (A) PCR products from amplification of DNA extracted from 41 
independent lines with primers CSLD3_Crdel-F and CSLD3_Crdel-R. (B) PCR 
products from amplification of DNA extracted from 48 independent lines with primers 
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Figure 13. Amino acid sequence of CSLD4 off-targets region. UDPG-Binding Domain 
is highlighted with red, Plant Conserved Region (CR-P) is highlighted with green, and 
mutation is highlighted with underline 
 
CSLD4 Off-target 2 target on CLSD8 
WT  DNPSGRSDLPGVDIFVSTADPEKEPPLTTANTILSILASEYPLEKLACYLSDDGGALLSFEALAEAASF 
#4  DNPRPTGRSDLPGVDIFVSTADPEKEPPLTTANTILSILASEYPLEKLACYLSDDGGALLSFEALAEAASF 
#10 DNP--RSDLPGVDIFVSTADPEKEPPLTTANTILSILASEYPLEKLACYLSDDGGALLSFEALAEAASF 
#21 DN--GRSDLPGVDIFVSTADPEKEPPLTTANTILSILASEYPLEKLACYLSDDGGALLSFEALAEAASF 
#31 DNPNGRSDLPGVDIFVSTADPEKEPPLTTANTILSILASEYPLEKLACYLSDDGGALLSFEALAEAASF  
CSLD4 Off-target 3 target on CLSD5 
WT  MPSPENPSGRSDLPGVDIFVSTADPEKEPPLTTANTILSILASEYPLEKLACYLSDDGGALLSFEALA 
#4  MPSPENPRVGLIYPVWTSSSPQLIPRRNLLSLPQTQSYPFWHLSILWRSLRATSLTMVAPSCRSRPWL 
#10 MPSPENP-------GVDIFVSTADPEKEPPLTTANTILSILASEYPLEKLACYLSDDGGALLSFEALA 
#21 MPSPDN--GRSDLPGVDIFVSTADPEKEPPLTTANTILSILASEYPLEKLACYLSDDGGALLSFEALA 




Figure 14. Dark field images of wild type and ppclsd1/7 mutants leafless gametophore 
(arrows) with rhizoids (arrowheads). Wild type (a, d) and ppclsd1/7 KO lines 3 (b, e), 
5 (c, f), 9 (g, j), 10 (h, k), 15 (i, l), grown on BCD/auxin (1 μm l-1) medium for two 
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Figure 15. Images of fluorescence microscopy. Isolated rhizoids from wild type (a), 






































Efficiency of CRISPR/Cas 9 gene knockout in P. patens 
 In this study, the CRISPR/Cas9 system was used to knockout genes of P. patens 
and investigate the possible roles of CSLDs in plant growth. To achieve this goal, two 
different strategies were applied. The first strategy was to generate an all CESA 
knockout mutant line (7 genes), which could be used for functional studies of CSLDs 
in a CESA null background. Also, two PpCSLD double knockout mutant lines were 
generated from wild type to study the developmental functions of CSLDs. The basic 
approach used was to knock out targeted genes using a dual Cas9-sgRNA expression 
vector system, which can generate large deletions between two protospacers.  
For the two CSLD double knockouts (1/7 and 3/4), attempts were made to 
transform wild-type P. patens with expression vectors targeting two different genes 
simultaneously and select with two different antibiotics. Compared to the results from 
transformations using one expression vector, fewer putative KO lines were generated 
after a week on antibiotic selection. Only a few mutants showed large gene deletions 
and then only for one targeted gene as shown by PCR genotype analysis. No mutants 
showed large gene deletions on both genes. Based on this, subsequent experiments for 
producing CESA null genetic background mutants and PpCSLD double KO mutants 
were designed to knock out individual genes sequentially. For each gene knockout, 
mutants with large gene deletions were first sequenced, and mutants with frameshift or 
nonsense mutations were used for off-target screening to verify a desired mutant 
genotype. Then a mutant with a phenotype similar to the transformed line or consistent 
among all knockout mutants was chosen to knockout additional genes in a step wise 
manner.  
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While transformation with two different expression vectors was unsuccessfully 
for large gene deletions on both targeted genes in this study, several lines of evidence 
indicate double knockout lines can be generated by co-transformation with two vectors. 
For one thing, transformations with two different expression vectors were attempted 
before I became proficient in moss transformation. In the case of the ppcsld7 KO 
screening, one mutant was identified with large gene deletions and frameshifts among 
96 colonies screened. Further sequencing work was done on PCR products from lines 
with no apparent large gene deletions, which showed that most of these lines had been 
successfully edited. This was also found in ppcesa4 KO screening (Figure 9). In 
addition, the off-target screening of lines resulting from transformation of 
ppcesa3/8/6/7/10 with the CESA4 KO vector had a high frequency of mutations in 
PpCESA10. All these observations indicate the high efficiency of CRISPR/Cas9 
knockout system and that double knockouts may have been generated in initial 
transformations using two different expression vectors. 
 
Generating a CESA null genetic background in P. patens  
First round transformations 
Since it was impossible to predict which combinations of PpCESAs could be 
knocked out while maintaining viability, the remaining three genes, PpCESA4, 
PpCESA5, PpCESA10, were knocked out in an existing ppcesa3/8/6/7 KO line in 
different sequential orders in an attempt to generate a viable P. patens genetic 
background line with no functional CESAs (Figure 6). Viable knockout lines were 
generated from all first round transformations. New phenotypes were observed when 
ppcesa3/8/6/7 KO was transformed with CESA5 KO and CESA4 KO, but not with the 
CESA10 KO vector. Following transformation of ppcesa3/8/6/7 KO with the CESA10 
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KO vector, ppcesa3/8/6/7/10 KO mutants were generated. The resulting mutants 
showed good protonemal growth and normal gametophores similar to ppcesa3/8/6/7 
KO. This is consistent with previous results showing PpCESA4 and PpCESA10 are 
redundant (Li 2017).  
PpCESA5 is expressed in gametophores, and ppcesa5 KO mutants cannot form 
leafy gametophores (Goss et al. 2012). Following transformation of ppcesa3/8/6/7 KO 
with the CESA5 KO vector, about 40% of the resulting colonies lacked gametophores, 
as expected, and had no other obvious growth defects. 
Following transformation of ppcesa3/8/6/7 KO with the CESA4 KO vector, the 
resulting colonies showed good protonemal growth, and a new abnormal gametophore 
phenotype was observed. This is surprising since it was shown previously with 
PpCESA4 and PpCESA10 are functionally redundant (Li 2017). Colonies selected for 
transient antibiotic resistance from this transformation were lost due to contamination. 
However, this transformation was repeated later when a similar phenotype was 
observed in ppcesa3/8/6/7/10/4 KO mutants (see below).   
 
Second round transformations 
In the second round of transformations, some ppcesa3/8/6/7/10/4 KO mutants 
made by using the CESA4 KO vector were confirmed base on large deletions and 
frameshifts in PpCESA4, and an unexpected phenotype was observed. Compared to 
wild type P. patens, gametophore leaves of these mutants are shorter and rounded, and 
the entire structure is smaller (Figure 8). The leaf cells were rounded instead of 
elongated, which is consistent with cellulose deficiency phenotypes observed in other 
plants (McFarlane et al. 2014). The same phenotype was also observed in lines for 
which PCR indicated no large deletions in PpCESA4, and some of these PCR products 
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from these lines were sequenced later. All sequencing results indicated that these lines 
had been gene edited at the target site with small deletions (Figure 9), and frameshift 
or nonsense mutations were introduced to the ORF of PpCESA4 (Figure S11-15). 
Furthermore, mutant line 13 from transformation 1, with a normal ppcesa3/8/6/7/10 
phenotype, was sequenced to determine the genotype. A small deletion was identified 
(Figure 9), but without frameshifts (Figure S17). In addition, ppcesa3/8/6/7/10 KO used 
for this transformation has normal gametophores similar to ppcesa3/8/6/7 KO. All 
evidence indicates the new phenotype results from loss of PpCESA4 activity. Since 
mutants have only PpCESA5, functional loss of six PpCESAs may lead to the strong 
loss of cellulose synthesis and result in this phenotype.
Interestingly, the ppcesa3/8/6/7/10/4 phenotype is similar to a phenotype 
observed in a transformation of ppcesa3/8/6/7 with the CESA4 KO vector. As stated 
previously, there are three off-target sites for the CESA4 KO vector, and one of them 
is in PpCESA10. It is also known that PpCESA4 and PpCESA10 function redundantly 
in protonemal growth (Li 2017). This indicates that the phenotype observed in this 
transformation might be caused by disrupting two genes. In fact, half of 
ppcesa3/8/6/7/10/4 KO mutants were identified with off-target edits in PpCESA10, 
indicating that the CESA4 KO vector can cause mutations in PpCESA10 with a high 
frequency. Combining this information, the new phenotype could be caused by the 
disruption of PpCESA4 or PpCESA4 and PpCESA10 together. Transformation of 
ppcesa3/8/6/7 KO with the CESA4 KO vector was repeated. Genotyping analysis of 
colonies selected for transient antibiotic resistance from this transformation, especially 
off-target screening, could answer the question that whether PpCESA4 or PpCESA4 
and PpCESA10 together result in this phenotype.  
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 One of the ppcesa3/8/6/7/5 KO mutants from first round transformations was 
used to knock out a sixth gene. Since the CESA4 KO vector was known to cause off-
target edits in PpCESA10, the CESA10 KO vector was used in second round 
transformations. Following transformation of ppcesa3/8/6/7/5 KO with the CESA10 
KO vector, six ppcesa3/8/6/7/5/10 mutants were identified with large gene deletions 
and frameshifts in PpCESA10 and all of them showed a consistent phenotype which is 
lack of gametophores. 
 
Third round transformations 
Finally, a sextuple ppcesa3/8/6/7/10/4 KO was used to knock out the last gene 
in the third round transformations. Colonies selected for transient antibiotic resistance 
were pre-screened for the ppcesa5 KO phenotype, and a large number of colonies were 
identified with no gametophores, presumably due to PpCESA5 disruption. These pre-
screened colonies are currently being evaluated. Based on these preliminary results, it 
seems possible that all seven CESAs can be knocked out in wild type P. patens and the 
resultant genotype remains viable. 
For another sextuple ppcesa3/8/6/7/5/10 KO, the CESA4 KO vector was used 
to create an all PpCESA knockout. Following transformation of ppcesa3/8/6/7/5/10 KO 
with the CESA4 KO vector, many colonies selected for transient antibiotic resistance 
were generated without obvious growth defects. Genotyping work needs to be 
completed with this transformation to verify mutant genotypes. Based on the successful 
PpCESAs KO in different lines, it seems that all CESAs can be knocked out, and genetic 
background can be generated without compromising viability. 
 
CSLD double knockout 
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Based on an analysis of PpCSLD chromosomal location and synteny (Lang et 
al. 2018), PpCSLD1 and PpCSLD7 are a tandem pair and PpCSLD3 and PpCSLD4  are 
an inverted pair, and both pairs arose from a single ancestral gene as a result of a whole 
genome duplication. Gene expression data summarized in P. patens eFP browser 
(http://bar.utoronto.ca/efp_physcomitrella/cgi-bin/efpWeb.cgi) showed that the two 
members of these pairs are likely to have redundant functions in rhizoids and 
protonemal development, respectively. Therefore, rhizoid growth and protonemal tip 
growth are expected to be inhibited if the CSLDs are involved in tip growth and not 
redundant with other PpCSLDs. CSLD1, 3, 4, and 7 KO vectors were used to produce 
ppcsld1/7 KO, ppcsld3/4 KO mutants.  
Genotyping analysis by PCR and sequencing confirmed the successful 
generation of 5 ppcsld1/7 KO lines (Figure 11, Figure S55, 57, 59-61, 63, 64). Rhizoid 
growth and cellulose assays were performed to test the hypothesis that PpCSLD1 and 
PpCSLD7 are critical for the development of rhizoids or cellulose synthesis in rhizoids. 
However, no obvious differences were observed when wild type P. patens and 
ppcsld1/7 KO mutants were compared in both assays (Figure 11, 12). The explanation 
for the rhizoid assay results may be functional redundancy. Other genes in the PpCSLD 
family may compensate for the loss of PpCSLD1 and PpCSLD7. Thus other PpCSLDs 
need to be knocked out to identify their function in rhizoids. The results of the cellulose 
assay may also be explained by the presence of background CESAs activity. The CESA 
null genetic background line could be a good material for cellulose synthesis analysis 
of CSLDs.  
Genotype analysis by PCR and sequencing indicate all of the ppcsld3/4 KO 
lines that were generated had off-target mutations (Figure S78, 79). Tip growth assay 
on ppcsld3/4 KO mutants were planned to test the hypothesis that PpCSLD3 and 
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PpCSLD4 are essential for protonemal tip growth, but the relationship between 
genotype and phenotype could not be analyzed in these mutants due to the presence of 
off-target mutations. Mutations were found in off-target site 2 which is within 
PpCSLD8 and off-target site 3 which is within PpCSLD5, and the mutations were 
located upstream of the catalytic domain of each gene (Figure11). For most mutants, a 
few amino acids were inserted or deleted in two off-target sites, and no frameshifts were 
introduced (Figure 11). The effects of these mutations on PpCSLD5 and PpCSLD8 
were unclear. Therefore, the existing lines are inconclusive. To test this hypothesis, the 
CSLD4 KO vector could be redesigned, avoiding off-target edits in PpCSLD5 and 
PpCSLD8 
CONCLUSION. 
The production of verified sextuple ppcesa3/8/6/7/10/4 KO lines, along with 
partially characterized septuple ppcesa3/8/6/7/10/4/5 KO lines that lack gametophores 
but show vigorous protonemal growth, suggest that PpCESAs play a minor role in 
protonemal development and can be knocked out without compromising viability. The 
ppcesa3/8/6/7/10 KO lines showed a similar phenotype to ppcesa3/8/6/7 KO lines, 
whereas ppcesa3/8/6/7/10/4 KO lines had defective gametophores. This observation 
supports our previous results that PpCESA4 and PpCESA10 are functionally redundant 
with ppcesa4/10 KOs showing a slight reduction in protonemal growth that is not 
evident in ppcesa4 KO or ppcesa10 KO lines (Li 2017). Previous results showed that 
global silencing of the entire PpCSLD gene family by RNAi resulted in inhibition of 
protonemal tip growth (Dimos 2010). Results reported here showed that ppcsld1/7 
double knockouts have no defects in rhizoid growth. Results from knocking out   
PpCSLD3 and PpCSLD4 were inconclusive due to off-target editing. Thus the 
individual developmental roles of the PpCSLD family members remain unresolved.
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Figure S1. CodonCode Aligner display of sequencing result for ppcesa10 KO line 1 generated from ppcesa3/8/6/7 KO. Edited sites are 
highlighted in red. The third row of the translation is in-frame with the start codon. No frameshift was introduced at the second edited site. 
 
 
Figure S2. CodonCode Aligner display of sequencing result for ppcesa10 KO line 2 generated from ppcesa3/8/6/7 KO. Edited sites are 





Figure S3. CodonCode Aligner display of sequencing result for ppcesa10 KO line 3 generated from ppcesa3/8/6/7 KO. Edited sites are 
highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 






Figure S4. CodonCode Aligner display of sequencing result for ppcesa10 KO line 6 generated from ppcesa3/8/6/7 KO. Edited sites are 
highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 
resulting in a premature stop codon at position 113-115. 
 
Figure S5. CodonCode Aligner display of sequencing result for ppcesa10 KO line 7 generated from ppcesa3/8/6/7 KO. Edited sites are 







Figure S6. CodonCode Aligner display of sequencing result for ppcesa10 KO line 8 generated from ppcesa3/8/6/7 KO. Edited sites are 






Figure S7. CodonCode Aligner display of sequencing result for ppcesa10 KO line 10 generated from ppcesa3/8/6/7 KO. Edited sites are 
highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 
resulting in a premature stop codon. 
 
Figure S8. CodonCode Aligner display of sequencing result for ppcesa10 KO line 13 generated from ppcesa3/8/6/7 KO. Edited sites are 





Figure S9. CodonCode Aligner display comparing sequencing results for off-target sites 1 in ppcesa10 KO lines 3 (KY48I_191001), 6 
(KY48J_191001), and 10 (KY48K_191001) with off-target site in the P. patens genome. The off-target site is highlighted in red. No mutations 







Figure S10. CodonCode Aligner display comparing sequencing results for off-target sites 2 in ppcesa10 KO lines 3 (KY48R_191008), 6 
(KY48S_191008), and 10 (KY48T_191008) with off-target site in the P. patens genome. The off-target site is highlighted in red. No mutations 








Figure S11. CodonCode Aligner display of sequencing result for ppcesa4 KO line 1 from transformation 1 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the 












Figure S12. CodonCode Aligner display of sequencing result for ppcesa4 KO line 2 from transformation 1 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the 








Figure S13. CodonCode Aligner display of sequencing result for ppcesa4 KO line 6 from transformation 1 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the first 







Figure S14. CodonCode Aligner display of sequencing result for ppcesa4 KO line 8 from transformation 1 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The first row of the translation is in-frame with the start codon. A frameshift was introduced at the first 






Figure S15. CodonCode Aligner display of sequencing result for ppcesa4 KO line 9 from transformation 1 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The first row of the translation is in-frame with the start codon. A frameshift was introduced at the 























Figure S16. CodonCode Aligner display of sequencing result for ppcesa4 KO line 10 from transformation 1 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The third row of the translation is in-frame with the start codon. No frameshift was introduced at the 










Figure S17. CodonCode Aligner display of sequencing result for ppcesa4 KO line 13 from transformation 1 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The second row of the translation is in-frame with the start codon. No frameshift was introduced at the 





Figure S18. CodonCode Aligner display of sequencing result for ppcesa4 KO line 28 from transformation 2 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The first row of the translation is in-frame with the start codon. A frameshift was introduced at the 









Figure S19. CodonCode Aligner display of sequencing result for ppcesa4 KO line 37 from transformation 2 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the 







Figure S20. CodonCode Aligner display of sequencing result for ppcesa4 KO line 40 from transformation 2 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The second row of the translation is in-frame with the start codon. No frameshift was introduced at the 








Figure S21. CodonCode Aligner display of sequencing result for ppcesa4 KO line 41 from transformation 2 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the 









Figure S22. CodonCode Aligner display of sequencing result for ppcesa4 KO line 43 from transformation 2 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The first row of the translation is in-frame with the start codon. No frameshift was introduced at the 





Figure S23. CodonCode Aligner display of sequencing result for ppcesa4 KO line 45 from transformation 2 generated from ppcesa3/8/6/7/10 
KO. Edited sites are highlighted in red. The second row of the translation is in-frame with the start codon. No frameshift was introduced at the 








Figure S24. CodonCode Aligner display comparing sequencing results for off-target sites 1 in ppcesa4 KO lines 6 (KY50K_200107A) and 28 
(KY50L_200107A), 37 (KY50M_200107A), 41 (KY50O_200107A) with off-target site in the P. patens genome. The off-target site is 






Figure S25. CodonCode Aligner display comparing sequencing results for off-target sites 2 in ppcesa4 KO lines 6 (KY50P_200107A) and 28 
(KY50Q_200107A), 41 (KY50R_200107A) with off-target site in the P. patens genome. The off-target site is highlighted in red. Mutations 









Figure S26. CodonCode Aligner display comparing sequencing results for off-target sites 3 in ppcesa4 KO lines 6 (KY50S_200107A) and 28 
(KY50T_200107A), 37 (KY50U_200107A), 41 (KY50W_200107A) with off-target site in the P. patens genome. The off-target site is 






Figure S27. CodonCode Aligner display of sequencing result for ppcesa5 KO line 10 generated from ppcesa3/8/6/7 KO. Edited sites are 
highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the first edited site resulting 
in a premature stop codon. 
 
Figure S28. CodonCode Aligner display of sequencing result for ppcesa5 KO line 19 generated from ppcesa3/8/6/7 KO. Edited sites are 
highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the first edited site resulting 






Figure S29. CodonCode Aligner display of sequencing result for ppcesa5 KO line 22 generated from ppcesa3/8/6/7 KO. Edited sites are 
highlighted in red. The second row of the translation is in-frame with the start codon. No frameshift was introduced at the first edited site. 
 
Figure S30. CodonCode Aligner display of sequencing result for ppcesa5 KO line 31 generated from ppcesa3/8/6/7 KO. Edited sites are 
highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the first edited site resulting 





Figure S31. CodonCode Aligner display comparing sequencing results for off-target sites 1 in ppcesa5 KO lines 10 (KY47E_190924A), 19 
(KY47F_190924A), and 31 (KY47G_190924A) with off-target site in the P. patens genome. The off-target site is highlighted in red. No 
mutations were found in off-target site 1 in lines 10, 19, and 31.  
 











Figure S32. CodonCode Aligner display comparing sequencing results for off-target sites 2 in ppcesa5 KO lines 10 (KY47H_190924A), 19 
(KY47I_190924A), and 31 (KY47J_190924A) with off-target site in the P. patens genome. The off-target site is highlighted in red. No 





Figure S33. CodonCode Aligner display comparing sequencing results for off-target sites 3 in ppcesa5 KO lines 10 (KY47K_190924A), 19 
(KY47L_190924A), and 31 (KY47M_190924A) with off-target site in the P. patens genome. The off-target site is highlighted in red. No 







Figure S34. CodonCode Aligner display comparing sequencing results for off-target sites 4 in ppcesa5 KO lines 10 (KY47N_190924A), 19 
(KY47O_190924A), and 31 (KY47P_190924A) with off-target site in the P. patens genome. The off-target site is highlighted in red. No 





Figure S35. CodonCode Aligner display comparing sequencing results for off-target sites 5 in ppcesa5 KO lines 10 (KY47Q_190924A), 19 
(KY47R_190924A), and 31 (KY47S_190924A) with off-target site in the P. patens genome. The off-target site is highlighted in red. No 





Figure S36. CodonCode Aligner display of sequencing result for ppcesa10 KO line 5 generated from ppcesa3/8/6/7/5 KO. Edited sites are 
highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 





Figure S37. CodonCode Aligner display of sequencing result for ppcesa10 KO line 6 generated from ppcesa3/8/6/7/5 KO. Edited sites are 
highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the first edited site resulting 





Figure S38. CodonCode Aligner display of sequencing result for ppcesa10 KO line 8 generated from ppcesa3/8/6/7/5 KO. Edited sites are 





Figure S39. CodonCode Aligner display of sequencing result for ppcesa10 KO line 9 generated from ppcesa3/8/6/7/5 KO. Edited sites are 
highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 





Figure S40. CodonCode Aligner display of sequencing result for ppcesa10 KO line 10 generated from ppcesa3/8/6/7/5 KO. Edited sites are 
highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 





Figure S41. CodonCode Aligner display of sequencing result for ppcesa10 KO line 11 generated from ppcesa3/8/6/7/5 KO. Edited sites are 
highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the first edited site resulting 





Figure S42. CodonCode Aligner display of sequencing result for ppcesa10 KO line 14 generated from ppcesa3/8/6/7/5 KO. Edited sites are 
highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the first edited site resulting 




Figure S43. CodonCode Aligner display of sequencing result for ppcesa10 KO line 14 generated from ppcesa3/8/6/7/5 KO. Edited sites are 





Figure S44. CodonCode Aligner display of sequencing result for ppcesa10 KO line 30 generated from ppcesa3/8/6/7/5 KO. Edited sites are 
highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the first edited site resulting 





Figure S45. CodonCode Aligner display comparing sequencing results for off-target sites 1 in ppcesa10 KO lines 5 (KY55K_200121), 6 
(KY55L_200121), 9 (KY55M_200121), 10 (KY55N_200121), 11 (KY55O_200121), and 30 (KY55P_200121) with off-target site in the P. 





Figure S46. CodonCode Aligner display comparing sequencing results for off-target sites 2 in ppcesa10 KO lines 5 (KY55Q_200121), 6 
(KY51R_200121), 9 (KY51S1_200123), 10 (KY55T_200121), 11 (KY51U1_200123), and 30 (KY51V1_200123) with off-target site in the 





Figure S47. CodonCode Aligner display of sequencing result for ppcsld1 KO line 4 generated from wild type P. patens. Edited sites are highlighted 
in red. The first row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site resulting in a premature 





Figure S48. CodonCode Aligner display of sequencing result for ppcsld1 KO line 13 generated from wild type P. patens. Edited sites are 





Figure S49. CodonCode Aligner display of sequencing result for ppcsld1 KO line 14 generated from wild type P. patens. Edited sites are 





Figure S50. CodonCode Aligner display of sequencing result for ppcsld1 KO line 16 generated from wild type P. patens. Edited sites are 





Figure S51. CodonCode Aligner display comparing sequencing results for off-target sites 1 in ppcsld1 KO lines 4 (KY45H_190917B) and 13 
(KY45J_1909268) with off-target site in the P. patens genome. The off-target site is highlighted in red. No mutations were found in off-target 





Figure S53. CodonCode Aligner display of sequencing result for ppcsld7 KO line 4 from transformation 1 generated from ppcsld1 KO. Edited 




Figure S52. CodonCode Aligner display comparing sequencing results for off-target sites 2 in ppcsld1 KO lines 4 (KY45I_190926B) and 13 
(KY45G_190917B) with off-target site in the P. patens genome. The off-target site is highlighted in red. No mutations were found in off-target 







Figure S54. CodonCode Aligner display of sequencing result for ppcsld7 KO line 24 from transformation 1 generated from ppcsld1 KO. Edited 






Figure S55. CodonCode Aligner display of sequencing result for ppcsld7 KO line 3 from transformation 2 generated from ppcsld1 KO. Edited 
sites are highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited 
site resulting in a premature stop codon at position 893-895. 
 
Figure S56. CodonCode Aligner display of sequencing result for ppcsld7 KO line 4 from transformation 2 generated from ppcsld1 KO. Edited 





Figure S57. CodonCode Aligner display of sequencing result for ppcsld7 KO line 5 from transformation 2 generated from ppcsld1 KO. Edited 
sites are highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited 






Figure S58. CodonCode Aligner display of sequencing result for ppcsld7 KO line 8 from transformation 2 generated from ppcsld1 KO. Edited 







Figure S59. CodonCode Aligner display of sequencing result for ppcsld7 KO line 9 from transformation 2 generated from ppcsld1 KO. Edited 
sites are highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited 



















Figure S60. CodonCode Aligner display of sequencing result for ppcsld7 KO line 10 from transformation 2 generated from ppcsld1 KO. Edited 
sites are highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited 








Figure S61. CodonCode Aligner display of sequencing result for ppcsld7 KO line 15 from transformation 2 generated from ppcsld1 KO. Edited 
sites are highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited 




Figure S62. CodonCode Aligner display of sequencing result for ppcsld7 KO line 32 from transformation 2 generated from ppcsld1 KO. Edited 






Figure S63. CodonCode Aligner display comparing sequencing results for off-target sites 1 in ppcsld7 KO lines 3 (KY56A1_200204), 5 
(KY56B1_200204), 9 (KY56C1_200204), 10 (KY56D1_200204), and 15 (KY56E1_200204) with off-target site in the P. patens genome. The 












Figure S64. CodonCode Aligner display comparing sequencing results for off-target sites 2 in ppcsld7 KO lines 3 (KY56F_200128), 5 
(KY56G_200128), 9 (KY56H_200128), 10 (KY56I_200128), and 15 (KY56J_200128) with off-target site in the P. patens genome. The off-





Figure S65. CodonCode Aligner display of sequencing result for ppcsld3 KO line 4 generated from wild type P. patens. Edited sites are 
highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 






Figure S66. CodonCode Aligner display of sequencing result for ppcsld3 KO line 5 generated from wild type P. patens. Edited sites are 
highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 






Figure S67. CodonCode Aligner display of sequencing result for ppcsld3 KO line 6 generated from wild type P. patens. Edited sites are 
highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 





Figure S68. CodonCode Aligner display of sequencing result for ppcsld3 KO line 9 generated from wild type P. patens. Edited sites are 







Figure S69. CodonCode Aligner display of sequencing result for ppcsld3 KO line 20 generated from wild type P. patens. Edited sites are 
highlighted in red. The first row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 





Figure S70. CodonCode Aligner display of sequencing result for ppcsld3 KO line 28 generated from wild type P. patens. Edited sites are 
highlighted in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 







Figure S71. CodonCode Aligner display of sequencing result for ppcsld3 KO line 31 generated from wild type P. patens. Edited sites are 
highlighted in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site 





Figure S72. CodonCode Aligner display comparing sequencing results for off-target sites 1 in ppcsld3 KO lines 4 (KY46H_190917B), 5 
(KY46I_190919), 20 (KY46J_190919), 28(KY46K_190919), 31 (KY46L_190919) with off-target site in the P. patens genome. The off-target 







Figure S73. CodonCode Aligner display of sequencing result for ppcsld4 KO line 4 generated from ppcsld3 KO. Edited sites are highlighted 
in red. The second row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site resulting in a 







Figure S74. CodonCode Aligner display of sequencing result for ppcsld4 KO line 10 generated from ppcsld3 KO. Edited sites are highlighted 
in red. The first row of the translation is in-frame with the start codon. No frameshift was introduced at the second edited site. 
 
 
Figure S75. CodonCode Aligner display of sequencing result for ppcsld4 KO line 21 generated from ppcsld3 KO. Edited sites are highlighted 
in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site resulting in a 





Figure S76. CodonCode Aligner display of sequencing result for ppcsld4 KO line 31 generated from ppcsld3 KO. Edited sites are highlighted 
in red. The third row of the translation is in-frame with the start codon. A frameshift was introduced at the second edited site resulting in a 





Figure S77. CodonCode Aligner display comparing sequencing results for off-target sites 1 in ppcsld4 KO lines 4 (KY57D_200211A) and 13 
(KY57E_200211A), 21 (KY57G_200211A), 31 (KY57H_200211A) with off-target site in the P. patens genome. The off-target site is 









Figure S78. CodonCode Aligner display comparing sequencing results for off-target sites 2 in ppcsld4 KO lines 4 (KY57I_200211A) and 13 
(KY57J_200211A), 21 (KY57L_200211A), 31 (KY57M_200211A) with off-target site in the P. patens genome. The off-target site is 



















Figure S79. CodonCode Aligner display comparing sequencing results for off-target sites 3 in ppcsld4 KO lines 4 (KY57N_200211A) and 13 
(KY57O_200211A), 21 (KY57Q_200211A), 31 (KY57R_200211A) with off-target site in the P. patens genome. The off-target site is 
highlighted in red. Mutations were found in off-target site 3 in lines 4, 13, and 21.  
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